Low-temperature growth of low friction wear-resistant amorphous carbon nitride thin films by mid-frequency, high power impulse, and direct current magnetron sputtering J. Vac. Sci. Technol. A 33, 05E112 (2015) Through discrete modulation of the deposition biasing conditions, multilayered nonhydrogenated diamondlike amorphous carbon films were prepared by the filtered cathodic vacuum arc technique. Films deposited under different conditions were divided into two groups in order to study how the modulation as well as sublayer content affect various mechanical and material properties as deposited and after annealing in vacuum. A 30% decrease in the residual stress of the multilayer films from 4.3 to 2.8 GPa was observed with only marginal ͑5%͒ changes in the hardness. The frictional characteristics of the multilayer films were also studied and shown to be excellent, having a coefficient of friction of 0.1 and stable with annealing. A larger decrease in the resistance to wear was observed in multilayer films richer in soft sublayers which was linked to the decreased in sp 3 content in the films.
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I. INTRODUCTION
High sp 3 fraction amorphous carbon ͑a-C͒ film, termed as diamondlike carbon ͑DLC͒ has been the focus of many studies especially for tribological applications.
1-7 These diamondlike carbon films are amorphous and have properties approaching that of diamond. One exceptional quality it has is its extremely smooth surface ͑R a Ͻ 0.1 nm͒. One of the most promising preparation techniques of DLC is the filtered cathodic vacuum arc ͑FCVA͒ method. The DLC films prepared by the FCVA are known for their high sp 3 fraction, generally higher than 80%. This inevitably led to DLC films with high hardness ͑Ͼ80 GPa͒ and low wear rates ͑0.7 ϫ 10 −8 mm 3 /Nm͒. However, the high sp 3 content has also led to the as-deposited film having very high compressive stress ͑Ͼ9 GPa͒, which limits the film thickness to ϳ100 nm before it delaminates from its substrate.
Two widely reported approaches in residual stress reduction of these DLC films are annealing 8 and substrate pulse biasing. 9 Stress relief through annealing was reported to relieve the stress completely ͑with minimal changes in the structural content of the film͒ but requires cycles of deposition followed by annealing in order for thick films to be prepared. Substrate pulse biasing during deposition could reduce the stress substantially from 9 to 0.5 GPa in a single process but decrease the sp 3 fraction. This has an effect of lowering the mechanical properties of the film. For example, pulse biasing of −3 kV have been shown to reduce the hardness of DLC from 86 GPa ͑ta-C͒ to 26 GPa. 9 A compromise between the above two methods would be to create a multilayer film consisting of alternating high/low sp 3 content through modulating the substrate bias.
1, 2, 10 Through this method, the high hardness ͑high sp 3 content, ϳ80%͒ but stressful layers are interspaced between much lower stressed and softer layers ͑lower sp 3 content, ϳ60%͒. This method would enable much thicker films to be prepared before film delamination becomes an issue since the stress of the film would be averaged out between the two different types of layers. Thick multilayer films ͑Ͼ1 m͒ could be prepared in a single process this way. The multilayer films could then be annealed to lower the stress further. This technique allows composite multilayer DLC films to be deposited in a single process and have mechanical properties better than pure low sp 3 content DLC films produced via pulse biasing. In this article, we report on the correlation between the composition of sublayers within the multilayer films with respect to thermal and mechanical properties.
II. EXPERIMENT

A. Film preparation
For the deposition of the nonhydrogenated DLC films, a commercial FCVA system was used. This system could be use to deposit substrate area up to 150 mm in diameter and keep the deposition conditions consistent over time to ensure repeatability of the experiments. The FCVA system employed a magnetic filtering technique to remove unwanted macroparticles and neutral atoms. It consists of an integrated off-plane-double-bend ͑S-bend toroidal duct͒ magnetic filter. DLC films with particle area coverage of less than 0.01% and uniform cross section were consistently deposited using this system. The carbon plasma was generated by initiating a 80 A dc arc discharge between a graphite ͑99.999% purity͒ cathode and a water cooled anode. The plasma was guided through the S-bend filter by utilizing an axial magnetic field a͒ Author to whom correspondence should be addressed; electronic mail: ebktay@ntu.edu.sg of 40 mT inside the selenoid filter. At the exit of the offplane-double-bend ͑OPDB͒ filter, copper solenoids were axially wrapped around the deposition chamber to provide the magnetic field to focus the deposition plasma. During the deposition, the chamber pressure was ϳ3 ϫ 10 −5 Pa. To ensure uniformity, the substrate was rotated during deposition. All films under study were deposited on highly conductive n + + silicon substrates. None of the films in the test showed any signs of delamination.
Alternating or multilayer DLC films consist of two kinds of sublayers. The first type termed as "hard sublayer" was produced by the FCVA operating without any substrate biasing. This hard layer was essentially a typical ta-C film ͑ϳ80% sp 3 fraction͒ produced by the FCVA. The second type termed as "soft sublayer" was produced by the OPDB-FCVA operating in conjunction with a negative high voltage pulse generator ͑pulse parameter: 3000 V, 600 Hz, 25 s͒ which was used for pulse biasing the substrate. This produced DLC films ͑intermediate sp 3 , ϳ60%͒ that were generally lower in stress ͑0.5 GPa͒ and hardness ͑Ͻ30 GPa͒ than typical ta-C that has as-deposited stress exceeding 9 GPa at 100 nm thickness and hardness exceeding 80 GPa. 9 All the 1 m multilayer DLC films prepared in this study were done by alternately turning the negative high voltage substrate pulse bias on ͑soft layer͒ and off ͑hard layer͒. The thickness of the individual sublayer was approximated by varying the deposition time. All the films were prepared with the first layer ͑in contact with the Si substrate͒ as the soft sublayer and the top most layer as the hard sublayer.
In order to study the effect of layering separately from property changes due to sublayer concentration differences, the test samples were divided into two groups. The first group, labeled as series A, consisted of multilayer films with different ratios of soft to hard sublayers ͑Table I, samples 1, 4, and 5͒. These films had the same number of modulation ͑20 layers͒ but different sublayer compositions. The second group, labeled as series B, consisted of multilayer films with a fixed soft to hard sublayer ratio ͑1:1͒ but differs in the amount of the film modulation ͑Table I, samples 1-3͒. Table  I summarized the internal structuring of all the films. A rapid thermal annealing system was used for the annealing of the films. Both series of films were annealed at 200°C for 3 min in vacuum ͑ϳ10 −6 Pa͒.
B. Tribology
To investigate the tribological properties of the films, a pin-on-disk tribometer was employed to measure the circular sliding resistance of the various films. A software recorded the coefficient of friction versus the wear cycles as the dynamic friction spectra. The coefficient of friction was extracted from the steady value of the spectra. The tests were all conducted in a controlled environment under ambient air with relative humidity ͑RH͒ ϳ50% and temperature at 26°C. The static friction partner used was sapphire. The test parameters were set at a constant load of 2 N, linear speed of 0.1 m / s, and wear track radius of 2 mm for 30 000 cycles. The wear rate was then calculated from the cross-sectional area of the wear track, which was measured using a surface profilometer. To ensure better accuracy of the calculations, four different points on the wear track were used to find an average.
C. Mechanical properties
By measuring the wafer curvature before and after deposition of the films, the internal stress of the DLC films could be calculated using Stoney's equation given by
where E s , v s , t s , and t c are the Young's modulus, Poisson ratio, thickness of the substrate, and thickness of the film, respectively. R 0 and R are the radii of curvature of the bare and coated substrate, respectively. Nanoindentation experiments using a Hysitron triboscope with a Berkovich diamond tip was used to investigate the hardness of the film. Calibration of the diamond tip was done using a fused silica standard periodically throughout the indentation experiments. No significant drift of the Young's modulus was detected and therefore the tip area function could be approximated to be constant throughout all the tests. Creep and drift were minimized by keeping the loading rate ͑100 N/s͒ and temperature ͑26°C͒ constant throughout all the indentations. In order to extract the hardness of the samples a software attached to the instrument digitally records the load-displacement characteristic of the indentations. The range of load used was from 500 to 12 000 N. The hardness used in this paper is Meyer hardness H M , obtained by
where F and A c are the applied force and contact area, respectively. In order to minimize the substrate effect, all the indentations were limited to less than 10% of the total film thickness. All data points plotted were averages of ten indentations using the same condition. An indentation depth of 50 nm was used to extract all the data for the hardness. 
III. RESULTS AND DISCUSSION
The compressive stresses of the as-deposited multilayer films are in the range from 4.3 to 2.4 GPa. Except for the relatively higher stress of sample 5 ͑75% hard sublayer content͒ the rest of the multilayer films have an average stress of ϳ2.5 GPa. Figures 1 and 2 showed the compressive stress, before and after annealing for series A and B, respectively. Both graphs showed a clear trend in the decline of the stress level after annealing. The average reduction in stress for the films was 30%. The lowest stress recorded was for sample 6 at 1.5 GPa. The stress reduction mechanism of the multilayer was discussed by McCulloch et al. 10 He explained that the hard sublayers in the multilayer film had a reduction in stress but the stress level was increased for the soft sublayers following annealing. The overall stress level of the multilayer film was therefore a consequence of the various degree of stress in the sublayers. His experiments also showed a further reduction in stress upon annealing the film for a longer period of time. This would indicate that the current annealed multilayer films have not reached their lowest stress level possible yet. However, it was interesting to note from his model of stress reduction that if the films were assumed not to have reach the lowest stress level, the multilayer films with the highest amount of soft sublayers would have the least reduction in stress since the soft sublayers would have a relatively ͑compared with multilayer films with a lower content of hard sublayers͒ higher increase in stress. This was observed in Fig. 1 , where there was a lower stress reduction for samples of higher concentration of soft sublayers. From Fig. 2 the modulation did not seem to have an effect on stress after annealing.
The hardness of the multilayer films depends largely on the sp 3 to sp 2 ratio of the various sublayers. The two types of sublayers behaved differently under thermal excitation. For the hard sublayers, its internal structure remained unchanged and retained its high sp 3 fraction after annealing. 8 However, for the soft sublayers, its sp 2 fraction increased, lowering its hardness after annealing. 10 As such, thermal induced hardness variations, if any, of the multilayer films are due mostly to the internal restructuring of the soft sublayers. This means that after annealing, the largest change ͑decrease͒ in hardness should be observed with multilayer films having the highest soft sublayer contents. This was observed in Fig. 3 . Despite these, the actual variation in the hardness of the various multilayer films after annealing were relatively small ͑5%-8%͒ compared with the much higher decrease in residual stress of ϳ30%. Figure 4 showed the hardness variation of series B. An interesting trend revealed that the hardness of the films actually increased even though their soft sublayer contents were equal was observed. This trend hinted that besides the soft sublayers, the interfaces of the various sublayers could also play a role in the hardness of the multilayer film as well. From Fig. 4 the hardness variation of the as-deposited films in series B showed a decreasing trend in hardness with increase modulation. This could indicate that the overall hardness of the films was lowered due to defects along the interfaces of the sublayers. But as the films were annealed, the added thermal energy could "repair" some of these imperfec- tions strengthening the overall structure of the film. Therefore, for multilayer films with higher modulation ͑and thus more interfaces with higher amount of imperfection͒ the strengthening effect could actually overcompensate for the lowering of the hardness due to lowering of sp 3 fraction of the soft sublayers and increase the overall hardness of the film. However, this strengthening effect was possibly available only through repair of the interfaces after annealing, thus the hardness of the films ͑with high modulation͒ could never exceed multilayer films which had lesser modulation in the first place. Figures 5 and 6 show the variation of the wear rates for the multilayer films. All the films showed a general increase in wear rates after annealing. This was not surprising considering that the soft sublayers become more graphitic ͑increase in sp 2 ͒ upon annealing and thereby lowering the wear resistance of the film. This would further explain why the highest increase in wear was observed for the sample with the highest soft sublayer content ͑Fig. 5, sample 4͒. The modulation of the film was not observed to have an effect on the thermal stability with respect to wear. The friction coefficient as measured from the dynamic friction spectra was ϳ0.1 for all the films before annealing. No change was detected for the frictional characteristic of the multilayer film after annealing.
IV. CONCLUSION
From the investigations conducted, the multilayer DLC films showed excellent mechanical properties both before and after annealing. Although the average stress decrease after annealing at 200°C for 3 min in vacuum was significant at ϳ30%, the hardness of the film was hardly changed. The frictional characteristics of the annealed multilayer films were similar to the unannealed films showing that thermal treatment did not degrade the low friction surfaces of the films.
The study also concluded that the amount of modulation and soft to hard sublayer ratios have different effects on the annealing properties of the film. Their effect is most prominent on the hardness and wear properties of the films. From these results, different types of nonhydrogenated DLC multilayer films with specially designed properties could be prepared to cater to a wide variety of applications. 
